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ABSTRACT

THERMAL INACTIVATION OF E. COLI AND
ITS INTRACELLULAR 13--GAACTOSIDASE

OBJECTIVE

To determine whether the kinetics of thermal inactivation of E.
oti K12137 and its intracellular enzyme, 8-galactosidase, --,,e suitable
for inclusion in systems used to evaluate mathematical models fcr ana-
lyzing thermal effects of laser radiation.

RESULTS

Reaction -rate constants for the two systems have been determined,
and the inactivation rates appear to be approximately- first order with-
in the limited temperature range studied.

CONCLUSI(INS

Since the kinetics of-the two thermal inactivation systems investi-
gated are relatively simple. these systems can be incorporated into a
system for evaluating m.odels which predict mathematically the thermal
damage resuiting from laser radiation.
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THE MAL INACTIVATION OF E. COLT MD

ITS !NTRACELLUlAR 8-GALACTCSITASE

INrRODUCTION

The biological effect of an input of thermal energy, from a radia-
tion source such as a laser, is caused by 6 rise in temperature that
continuously varies with time, The temporal (time) integral of the
rate of damage depending upon temperature should be indicative of the
total damage. Attempts to sum the damage rates as a function of tem-
perature change for complex systems such as skin have met with limited
success because of difficulties in either measuring the temperature of
the skin during the thermal episode or calculating the temperature of
the skin since its thermal properties are Uncertain.

If a simple system could be developed of which the time-temperature
history and biological sensitivity could be determined under conditions
approximating those in which laser injury occurs, this system could be
used to evaluate mathematical models for analyzing thermal effects in
more complex situations. Such a system must meet two requirements.
One is that accurate measurements can be made of the spatial and tem-
poral changes in temperature. The other is-that quantitative measure-
monts of thermal injury can be reafily determined.

This study is an investigation of the kinetics of thermal inactiva-
tion of the bacterium E. coU and one of its intracellular enzymes, 6-
:galactosidase, to determine whether these reaction kinetics are simple
enough to make them useful in the analysis of thermal effects resulting
ftrm laser radiation. If the inactivation rates are essentially first
c:der, the reaction constants cat be utilized in relatively simple
mathematical expressions for testing the usefulness of specific predic-
tive models fc-r subsequent use in more complex systems such as skin.

METHODS

A large culture of E. coZi K12/37, a cryptic mutant isolated in
this laboratory from the wild type, was grown in a synthetic medium
(Snizizen's minimal- ,editLD (I)) with 0.5% glycerel as the carbon
source and S x 0 -  isopropyl-.-D-thiogalactopyranoside (IPTC) as
the inducer of B-galactosidase synthesis. When the cells were fully
induced and had begun the stationary phsse of growth, they were harvest-
ed by centrif jation in the cold, wazh,d with Spizizen's minimal m.edium
to remove the IPTG. thus preventing-further induction, ond then resus-
pended in the minimal medium containing 5% by volume of glycerol. Ali-
quots were then frozen 'n a dry ice-alcohol bath and stored at -70°C.
The rapid freezing in a glycerol medium and the low temperature stor-
age maintain essertially 100% vikbility of the cells and protect the

LSpizizen, J.- Transformation of biochemically deficient strains of

Ba;.ollus-zb-Zis by deoxyribonuclease. Proc. Nat. Acad. Sci. 44:
1072, 1958.



2-galactosidase from any loss of activity. The same batch of frozen
stock was used for all experiments to ensure uniformity of enzyme con-
tent and to eliminate the effects of possible variation in heat sensi-
tivity from one batch of cells to another.

Prior to an experiment- the frozen stock was ranidly thawed, di-
luted to the desired concentration with Spizizen's minimal medium, and
the resulting cell suspension held in an ice bath.

Inactivations were carried out ii. a glass chamber surrounded with a
jacket through which water of the desired temperature circulated. Fif-
teen ml of SPizizen's minimal medium were introduced into the chamber
and stirred with a m~gnet-!c stirring bar. Temperature in the chamber
was monitored continuousl oy with a copper-consts-tan thermocouple and
recording potentiometer. The temperature could be measured wit'hin
O.1°C. W.i.en the temperature within the chamber had equilibrated, 0.
ml of cells las diluted *nto the medium using an Enpendor£ pipette with

a warmed tip. This prccedure resulted in a drop in temperature of about
0.2'C, the original temperature being regained within a half minute.
Because of this initial drop in temperature, sampling was not begun
untiL. the temperature had returned to the desired level. At appropri-
ate intervals, 0.1 ml samples were withdrawn from the chamber using an
Eppendorf pipette. Since the pipette tips were warmed to the same tem-
perature as the cell suspensions, no detectable drop in temperature in
the chamber occurred.

When cell inactivation experiments were being conducted, the samples
were immediately diluted into 10 ml of chilled minimal medium to halt
the inactivation process. After further appropriate dilutions, pour
plates were made with nutrient agar. Plates were-counted after 48
hours of incubation at 37*C. Control cell levels were determined by
diluting 0.1 ml of chilled cclls into 15 ml if Spizizen's minimal me-
dium at room temperature and treating 0.1 m1 of the diluted suspension
in the same manner as the samples from the inactivation chamber.

_ or enzy- inactivation experiments, the -0.1 4 samples were di-
luted into 0 04 mI of toluene and 57.0 mi of chilled 5pizizen's minimal
medium, conzaining in each ml SO wg chloramph niccl, 100 pg bovine se-
rum albumin, and 12.5 ug sodium eeoxycholate, and then mixed vigorously
ci a vortex mixer. The toluene and deoxychplate seried to break down
the cells -nd release the en.zyme and the chiloramphenicol to inhibit
bacterial growth. T.he wurpose of the albumin was to protect the enzyme
since it tends to lose its activity in dilute solutions. After evapora-
tion of tbh toluene ir a water bath !at 37"C, the crude extract' were
assayed for 0-galactosidase as previously described (2). Control en-
zyme levels were determined in the sam5 way on a 0.1 ml sample of ii-
luted cells

2rownell, A. S. and Dorothy M. Witt. Ultraviolet light inhibition of
galactoside permease induction. Biochem. Biophys. Res. Commn. 21:
113, 1965; US AMRL Report No. 648, 1965 (DDC AD No. 627339).
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RESULTS AND DISCUSSION

Thermal inactivation o B-galacosidase. Figure 1 presents a typ-
ical inactivation curve for each of the temperatures employed and il--
lustrates that the kinetics of inactivation approximate those of a
first order reaction within the temperature range of S& 90 C to 63.50C.
Although control enzyme levels were determined for each experiment,
they were-not plotted on the graph as zero tine values because the
initia) drop in temperature in the chamber made them invalid as 100%
values.

loo0.- IEMPERATUREj (Degr.s$ Centlgvod.)
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Fig. 1. Thermal inactivation of intracellular 8-galactosidase
- at tenperattres ranging from 58.90C to 63.50C. The logaritk

of the enzyme activity is plotted as a function of time of ex-
posure for each temperature.
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The inactivation constant in sec-I for each temperature was calcu-
lated from the slope of the line as determined by a least squares fit of
the data. These inactivation constants, together with the mean and
Etandard deviation fnr each tezperature, are listed in Table I. There
was good agreement in the constants calculated for each temperature ex-
cept for the first value determined at SB.9C, There was also a good
deal more scatter in the points on the inactivation cuives for this tem-
perature. The calculated standard deviation was 20% for the inactiva-
tion conrant at S8.9 0 C while in the other cases it ranged from 7 to
l-o%.

TABLE I

Reaction Rate Constants for Thernal Inactivation
of IntraCellular a-Galactosidase

V x IC3

Tenpersturecc) s8.9 59.8 60.4 61.4 62.3 635r

.30 1.72 2.53 6.77 11.4 30.5
0.94 1.84 3.22 5.13 11.4 23.0'
1.01 I.$9 3.19 5.42 11.7 31-4
1.02 1."6 2-33 6.1 i3.6 33.9
1. 11 1.76 2s ,5.92 11.7 31-

1.83 5.16 10.9 ,;.2
1.96 4.01 10.8 30.7
1.67 2.4- 4.64 10.6 30.8

26.7

- 26.9

?4etn, stan-
ard deviation 1.12+10.22 1.78-0.12 2.7040-35 ,.40a0.87 711-S -0.9 50.1 +2.4

ti/135 3S.6 .5.8 21.s +1.3 14.4 t1.8 7.291,.2 3.6+0.26 - .2.-o.1

Tixe in :n--tes for 90 of the enzyne to be inactivated.

The value for each temperabire i also listed in Table

This figure is the exposure time in minutes when 10% of the enzyme still
remains in an actve form.

When the logarithm of the inactivation constanlt was plotted againIst
the reciprocal of the absolute tcueraturet a linear rel-ionsnip re-
s Ilted (Fig. 2). Each point on the curve is an average of at least five
determinations of the inactivation constant at that p'articular tempera-
ture.
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Fig. 3. Thermal inactivatica of E. coi K12/37 at tem-
peratures ranging Prom 51.0°C to 55;60C. The logarithm
of the number of viable cells is plotted as a function
of time of exposure for each temperaturc.

TABLE 2

Reaction Rate Constants for Thermal Insctivation ofE. coli K12/37

k' x 10

Temperature

(C) S1.0 51.8 52.6 53.5 54.2 55.6

0.385 1.69 4.0S 8.11 16.9 27.6

1.25 1.03 3.46 8.60 16.0 25.8

0.917 2.83 2.99 8.:;2 10-4 25.2

0.923 2.60 3.SS 9.38 17.2 28.3

1.20 2.54. 4.82 9.16 12.7 24.7

1.11 2.84 4.74 9.20 1.9 31.8

2.27 4.09 11.2 154
13.8 19.0

Mean, stand-
ard deviation 1.05*0.16 2.39f0.44 3.96+0.67 9.75+1.88 15.4 -2.7 27.2 +2.6

t 37.5 +5.5 !6.7 +3.6 10.0 +1.8 4.05+0.64 2.36+0.54 1.43.0.14

Time in minutes for 90% of the cells to be inactiyated.
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Fig. 4. Plot of the logarithm of the inactivation con-
stant of E. coli K12/37 as a function of the reciprocal
of the absolute temperature.

CONCLUSIONS

The kinetics of the thermal inactivation of E. coli K12/37 and the
enzyme, A-galactosidase, do not appear to be complex in the temperature
range-studied. These simple reaction kineLtics, if valid for other en-
vironmentsl conditions, are suitable for use in .model systems in simpli-
fying the anrilysis under conditions of constantly varying temperatures.
The two thermal inact;ivation systims examined-will be useful in the study
of the therml effects of thR high temperatures-, short exposure tines,
and constantly varying temperature resulting from laser radiation.
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The kinetics of thermal inactivation of E. co~i K12/37 and its intracellular en-
zyme, 6-galactosidase, have been determined within a limited temperature range. Since
their reaction rates-are simple, these two systemis can be irscorporated into a system
for the evaluation of a model which mathematically predicts laser injury.
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